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bstract

Manganese(II) complexes of [12]aneN4: 1,4,7,10-tetraazacyclododecane-2,3,8,9-tetraone; [14]aneN4: 1,4,8,11-tetraazacyclotetradecane-2,3,
,10-tetraone; Bzo2[12]aneN4: dibenzo-1,4,7,10-tetraazacyclododecane-2,3,8,9-tetraone; Bzo2[14]aneN4: dibenzo-1,4,8,11-tetraazacyclote-
radecane-2,3,9,10-tetraone have been encapsulated in the nanopores of zeolite-Y by the in situ one pot template condensation reaction. Mn(II)
omplexes with azamacrocyclic ligand were entrapped in the nanocavity of zeolite-Y by a two-step process in the liquid phase: (i) adsorption
f [bis(diamine)manganese(II)]; [Mn(N–N)2]–NaY; in the supercages of the zeolite, and (ii) in situ condensation of the manganese(II) precursor
omplex with diethyloxalate. The new host–guest nanocomposite materials (HGNM) have been characterized by FTIR, DRS and UV–vis spec-
roscopic techniques, XRD and elemental analysis, as well as nitrogen adsorption. These complexes (neat and HGNM) were used for oxidation

f cyclohexene with tert-butylhydroperoxide (TBHP) as oxidant in different solvents. Di-2-cyclohexenylether was identified as main product.
-Cyclohexen-1-one and 2-cyclohexene-1-ol were obtained as minor products. Also it was found [Mn(Bzo2[12]aneN4)]2+–NaY in ethanol had the
ighest reactivity (84.51%), although the selectivity was 95.10% towards the formation of ether product in methanol.

2007 Elsevier B.V. All rights reserved.
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. Introduction

IUPAC classifies porous materials into three categories: (1)
icroporous with pores of less than 2 nm in diameter, (2) meso-

orous having pores between 2 and 50 nm, and (3) macroporous
ith pores greater than 50 nm. The term nanoporous materials
ave been used for those porous materials with pore diameters
f less than 100 nm. Many kinds of crystalline and amorphous
anoporous materials such as framework silicates and metal

xides, zeolites, pillared clays, nanoporous silicon, carbon nan-
tubes and related porous carbons have been described lately in
he literature [1].
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Nanoporous materials are exemplified by crystalline frame-
ork solids such as zeolites, whose crystal structure defines

hannels and cages, i.e. nanopores, of strictly regular dimen-
ions. They can impart shape selectivity for both reactants
nd the products when involved in the chemical reactions and
rocesses. The large internal surface area and void volumes
ith extremely narrow pore size distribution as well as func-

ional centers homogeneously dispersed over the surface make
anoporous solids highly active materials. Over the last decade,
here has been a dramatic increase in synthesis, characterization
nd application of novel nanoporous materials [2].

Zeolites, which represent the largest group of nanoporous
aterials, are crystalline inorganic polymers based on a
hree-dimensional arrangement of SiO4 and AlO4 tetrahedra
onnected through their oxygen atoms to form large negatively
harged lattices with Brønsted and Lewis acid sites. These nega-
ive charges are balanced by extra-framework alkali and/or alkali

mailto:salavati@kashanu.ac.ir
dx.doi.org/10.1016/j.molcata.2007.03.049
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arth cations. The most-known zeolites are silicalite-1, ZSM-5,
eolite beta and zeolites X, Y, and A. The incorporation of small
mounts of transition metals into zeolitic frameworks influ-
nces their properties and generates their redox activity. Zeolites
ith their well-organised and regular system of nanopores and
anocavities also represent almost ideal matrices for hosting
anosized particles, e.g., transition metal complexes that can
lso be involved in catalytic applications.

Nanoporous encapsulated metal complexes are mostly used
s heterogeneous and redox catalysts in petroleum industry
nd in the production of chemicals for various types of shape-
elective conversion and separation reactions [3]. They form
he basis of new environment-friendly technologies, involving
heaper, more efficient and more environment-friendly ways
or carrying out chemical reactions. Transition metal-modified
anoporous molecular sieves with aluminosilicate frameworks
atalyze wide variety of synthetically useful oxidative trans-
ormations with clean oxidants such as hydrogen peroxide or
olecular oxygen under relatively mild conditions with the

dvantage of facile recovering and recycling, if compared to
omogeneous liquid phase catalyst, like sulphuric acid [4–6].

In this paper, I report the synthesis and characterization of
anganese(II) complexes of 12- and 14-membered tetraaza
acrocyclic ligand; [12]aneN4: 1,4,7,10-tetraazacyclodo-
ecane-2,3,8,9-tetraone; [14]aneN4: 1,4,8,11-tetraazacyclote-
radecane-2,3,9,10-tetraone; Bzo2[12]aneN4: dibenzo-1,4,7,10-
etraazacyclododecane-2,3,8,9-tetraone and Bzo2[14]aneN4:
ibenzo-1,4,8,11-tetraazacyclotetradecane-2,3,9,10-tetraone;
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Scheme 1
talysis A: Chemical 272 (2007) 249–257

ncapsulated within the nanopores of zeolite-Y by the
emplate condensation of diethyloxalate and [bis(diamine)
anganese(II)]; [Mn([12]aneN4)]2+–NaY, [Mn([14]aneN4)]

+–NaY; [Mn(Bzo2[12]aneN4)]2+–NaY; [Mn(Bzo2[14]aneN4)]
+–NaY; shown in Schemes 1 and 2 and used in the oxidation of
yclohexene with tert-butylhydroperoxide (TBHP) as oxygen
onor (Scheme 1 and 2).

. Experimental

.1. Materials and physical measurements

All other reagents and solvent were purchased from Merck
pro-analysis) and dried using molecular sieves (Linde 4 Å).
yclohexene was distilled under nitrogen and stored over
olecular sieves (4 Å). Cyclohexanone was used as an inter-

al standard for the quantitative analysis of the product using
as chromatography. Reference samples of 2-cyclohexene-1-ol
nd 2-cyclohexene-1-one (Aldrich) were distilled and stored in
he refrigerator. tert-Butlhydroperoxide; TBHP; (solution 80%
n di-tert-butylperoxide) were obtained from Merck Co. NaY
ith the Si:Al ratio of 2.53 was purchased from Aldrich (Lot
o. 67812). FT-IR spectra were recorded on Shimadzu Varian
300 spectrophotometer in KBr pellets. The electronic spec-

ra of the neat complexes were taken on a Shimadzu UV–vis
canning spectrometer (Model 2101 PC). Diffuse reflectance
pectra (DRS) were registered on a Shimadzu UV/3101 PC
pectrophotometer the range 1500–200 nm, using MgO as ref-

.
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rence. The elemental analysis (carbon, hydrogen and nitrogen)
f the materials was obtained from Carlo ERBA Model EA
108 analyzer. XRD patterns were recorded by a Rigaku D-max
III, X-ray diffractometer using Ni-filtered Cu K� radiation.

itrogen adsorption measurements were performed at 77 K
sing a Coulter Ofeisorb 100CX instrument. The samples were
egassed at 150 ◦C until a vacuum better than 10−3 Pa was
btained. Micropore volumes were determined by the t-method,
“monolayer equivalent area” was calculated from the micro-
ore volume [7]. The stability of the encapsulated catalyst was
hecked after the reaction by UV–vis and possible leaching of
he complex was investigated by UV–vis in the reaction solution
fter filtration of the zeolite. The amounts of metallocomplexes
ncapsulated in zeolite matrix were determined by the elemen-
al analysis and by subtracting the amount of metallocomplex
eft in the solutions after the synthesis of the catalysts as deter-

ined by UV–vis spectroscopy, from the amount taken for the
ynthesis. Atomic absorption spectra (AAS) were recorded on
Perkin-Elmer 4100-1319 Spectrophotometer using a flame

pproach, after acid (HF) dissolution of known amounts of
he zeolitic material and SiO2 was determined by gravimetric
nalysis.

.2. Synthesis of azamacrocyclic ligand

Azamacrocyclic ligands ([12]aneN4, [14]aneN4, Bzo2[12]

neN4 or Bzo2[14]aneN4) were prepared by following the pro-
edures reported in Ref. [8]. The hot ethanolic solution (20 ml)
f diethyloxalate (2.9228 g, 0.02 mol) and a hot ethanolic solu-
ion (20 ml) of diamine (0.02 mol); 1,2-diaminoethane (1.20 g),

1
s
w
f

.

,3-diaminopropane (1.48 g), 1,2-diaminobenzene (2.16 g), 1,3-
iaminobenzene (2.16 g); were mixed slowly with constant
tirring. This mixture was refluxed for 7 h in the presence of
ew drops of concentrated hydrochloric acid. On cooling a solid
recipitate was formed, which was filtered, washed with cold
thanol and dried under vacuum over P4O10.

.3. Preparation of [Mn(azamac.)](ClO4)2

Manganese(II) sulfate monohydrate (1.69 g, 0.01 mol) dis-
olved in ethanol (20 ml) was reacted with an ethanol (20 ml)
olution 0.01 mol of azamacrocyclic ligand ([12]aneN4 (2.28 g),
14]aneN4 (2.56 g), Bzo2[12]aneN4 (3.24 g) or Bzo2[14]aneN4
3.24 g)) by refluxing for 1 h under nitrogen atmosphere. The
ixture was heated at reflux for 6 h until a yellow solution

esulted. The solution was cooled to room temperature and
ltered to remove manganese hydroxide. Excess lithium per-
hlorate dissolved in methanol was added to the filtrate, and the
ixture was kept in the refrigerator until yellow solid formed.
he solids were filtered, washed thoroughly with cold ethanol
nd dried in vacuum.

.4. Preparation of Mn(II)–NaY

Mn(II)–NaY zeolite was prepared from NaY by ion exchange
sing a 5 mM aqueous solution of Mn(CH3COO)2·4H2O and

–10 solid-to-liquid weight ratio. The mixture was heated and
tirred at 90 ◦C for 24 h under nitrogen atmosphere. The solid
as filtered, washed with hot distilled water till the filtrate was

ree from any manganese(II) ion (by AAS of filtrate) content
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nd dried for 10 h at 80 ◦C under vacuum. The ionic exchange
egree was determined by AAS. The resulting Mn(II)–NaY zeo-
ite containing 1.6 Mn2+ ions per unit cell (which corresponds
o an average of Mn2+ every five supercages).

.5. Preparation of [Mn(N–N)2]2+–NaY (N–N diamine)

To a stirred methanol solution of Mn(II)–NaY (4 g)
ere added 0.37 g of diamine (1,2-diaminopropane, 1,3-
iaminopropane, 1,2-diaminobenzene or 1,3-diaminobenzene)
uspended in 100 ml of methanol and then refluxed for 8 h
nder N2 atmosphere. The light yellow solid consisting of
Mn(N–N)2]2+ denoted as [Mn(N–N)2]2+–NaY was collected
y filtration, wash with ethanol. The resulted zeolites, were
oxhlet extracted with N,N′-dimethylformamide (for 4 h) and

hen with ethanol (for 3 h) to remove excess unreacted diamine
nd any Mn(II) complexes adsorbed onto the external surface
f the zeolite crystallites. The resulting light yellow solids were
ried at 60 ◦C under vacuum for 24 h.

.6. Preparation of [Mn(azamac.)]2+–NaY

To a stirred methanol suspension (100 ml) of
Mn(N–N)2]2+–NaY (2 g) were slowly added diethylox-
late (under N2 atmosphere). The mixture was heated under
eflux condition for 24 h until a pale yellow suspension resulted.
he solution was filtered and the resulting zeolites, were Soxhlet
xtracted with N,N′-dimethylformamide (for 4 h) and then with
thanol (for 4 h) to remove excess unreacted products from
mine-ester condensation and any manganese(II) complexes
dsorbed onto the external surface of the zeolite crystallites.
he resulting pale yellow solids were dried at 70 ◦C under
acuum for 12 h. The remaining [bis(diamine)manganese(II)]
ons in zeolite were removed by exchanging with aqueous 0.1 M
aNO3 solutions. The stability of the encapsulated catalyst was

hecked after the reaction by UV–vis and possible leaching
f the complex was investigated by UV–vis in the reaction
olution after filtration of the zeolite. The amounts of Mn(II)
omplexes encapsulated in zeolite matrix were determined by
he elemental analysis and by subtracting the amount of Mn(II)
omplex left in the solutions after the synthesis of the catalysts
s determined by UV–vis spectroscopy, from the amount taken
or the synthesis.

.7. Oxidation of cyclohexene; general procedure

A mixture of 1.02 × 10−5 mol catalyst, 25 ml CH2Cl2 and
0 mmol cyclohexene was stirred under nitrogen in a 50-ml
ound-bottom flask equipped with a condenser and a dropping
unnel at 40 ◦C for 30 min. Then 16 mmol of TBHP solution

n CH2Cl2 was added. The resulting mixture was then refluxed
or 8 h under N2 atmosphere. After filtrating and washing with
olvent, the filtrate was concentrated on a rotary evaporator and
hen subjected to GC analysis.

o
v
a
t

talysis A: Chemical 272 (2007) 249–257

. Results and discussion

.1. Synthesis of complexes

Manganese(II) reacted with azamacrocyclic ligands in
resence of LiClO4 to yield the cationic complexes, [Mn([12]
neN4)](ClO4)2, [Mn([14]aneN4)](ClO4)2, [Mn(Bzo2[12]
neN4)](ClO4)2 and [MnBzo2[14]aneN4)](ClO4)2 (Scheme 1).
cetonitrile solutions of these complexes were conductive

Table 1). Unfortunately, we could not grow any single crystals
uitable for X-ray crystallographic studies. The Mn complexes
escribed herein all involve the ligands functioning as a neutral,
etradentate chelate through its N–H groups. The structures
f complexes demonstrate the considerable inflexibility in the
onformations that multidentate ligands can adopt (Scheme 1).

The molar conductance values of tetraaza macrocyclic com-
lexes (∼240 �−1 mol−1 cm2) and measured correspond to 1:2
lectrolytes. IR spectrum of the ligands does not exhibit any
and corresponding for the free primary diamine and ketonic
roup. Four new bands, were appeared in the spectrum of lig-
nd [9] in the regions 1651, 1518, 1226 and 762 cm−1 are
ssignable to amide-I �(C O), amide-II [�(C–N) + �(N–H)],
mide-III [�(N–H)] and amide-IV [ϕ(C O)] bands, respectively.
his supports the macrocyclic nature of the ligand. A single
harp band observed at 3300 cm−1, may be due to �(N–H) of
he secondary amino group [10]. On complexation the position
f �(N–H) bands shifted to lower frequency compared to the
acrocyclic ligand and a new medium intensity band appears at

18–490 cm−1 attribute to �(Mn–N), it provide, strong evidence
or the involvement of nitrogen in coordination. IR spectrum
ndicates that the ligand act as tetradentate coordinating through
itrogen [N4].

The electronic spectra of all the complexes, in DMF, show
ntraligand transition bands at 320 and 280 nm, while the MLCT
ands fall near 350 nm. The position of the MLCT band depends
n functional group amide or amine. As expected for Mn(II)
omplexes, d–d transition bands are not observed in dilute solu-
ion because of their being doubly forbidden.

.2. Heterogenisation of complexes

The heterogenisation of homogeneous catalysts is a field of
ontinuing interest: indeed, although some of the organometal-
ic complexes exhibit remarkable catalytic properties (activities
nd selectivity), they are unsuitable to separate intact, from
he reaction medium making difficult their reuse and contam-
nating the reaction products. Thus, the heterogenisation is
lways a toxicological and environmental challenge; moreover,
t has an economical significance unless the activity of the
omogeneous catalysts was exceptionally high. I have made
he heterogenisation by encapsulating or encaging the cata-
yst in the voids of a nanoporous inorganic solid (zeolite-Y)
Scheme 2). The objective, clearly, is to improve the stability

f the metal complex under the reaction conditions by pre-
enting the catalytic species from dimerising or aggregation,
nd to tune the selectivity of the reaction using the walls of
he pores of the solid via steric constraints. In this approach,
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he metal is introduced in the nanopores of a solid via cation
xchange.

The azamacrocyclic ligands are then introduced under the
onditions indicated in Section 2 for complex formation, accord-
ng to the template condensation strategy for the encapsulation of

etal complexes inside the nanocavities of zeolite hosts. There,
omplexation occurs and the resulting complexes are too bulky
nd rigid to be able to leave the cavities again. Uncomplexed lig-
nds and complexes formed at the external surface of the zeolite
rystallites have to be removed as far as possible. Identity of
he complex has been established by spectroscopic methods and
R and DRS of encapsulated complexes that are coincided with
hat are recorded for homogeneous complexes. The complex
ormed is like a “ship-in-bottle”, confined in the supercages of
he zeolite: this explains greater stability of these catalysts as
ompared with the same complexes in solution. No metal leach-
ng is observed, as long as the complex is exclusively inside the
ores.

The chemical compositions confirmed the purity and stoi-
hiometry of the neat and encapsulated complexes. The chemical
nalysis of the samples revealed the presence of organic
atter with a C/N ratio roughly similar to that for neat

omplexes. The percentage of manganese(II) contents esti-
ated before and after encapsulation by atomic absorption

pectroscopy. The manganese(II) ion contents estimated after
ncapsulation are only due to the presence of manganese(II)
omplexes in nanopores of zeolite-Y. The Si and Al contents
n Mn(II)–NaY and the zeolite complexes are almost in the
ame ratio as in the parent zeolite. This indicates little changes
n the zeolite framework due to the absence of dealumina-
ion in metal ion exchange. The parent NaY zeolite has Si/Al

olar ratio of 2.53 which corresponds to a unit cell formula
a56[(AlO2)56(SiO2)136]. The unit cell formula of metal-

xchanged zeolites shows a manganese dispersion of 11.4 moles
er unit cell (Na33.8Mn11.4[(AlO2)56(SiO2)136]·nH2O). The
nalytical data of each complex indicates Mn:C:N molar ratios
lmost close to those calculated for the mononuclear structure.
lemental analysis and spectroscopic data’s (Tables 1 and 2)
how that all of the neat complexes have square–planar coordi-
ated structure.

IR spectroscopy provided information on the integrity of the
ncapsulated complexes, as well as the crystallinity of the host
eolite. The IR bands of all encapsulated complexes were weak
ue to their low concentration in the zeolite. Mn(II) complexes
ncapsulated in the zeolite cages did not show any significant
hift in N H or C O stretching modes. We did not notice any
ppreciable changes in the frequencies of Mn complexes after
ncorporation into zeolite matrix. The major FTIR bands of the
atalysts are tabulated in Table 2. The diffuse reflectance spectra
f Mn(II) complexes are almost identical before and after encap-
ulation, indicating that the complexes maintain their geometry
ven after encapsulation without significant distortion.

The X-ray diffractograms of the catalysts containing the

n(II) complexes did not reveal any significant difference

rom those of NaY. The encapsulation of the manganese com-
lexes inside the zeolite cavities is indicated by the absence of
xtraneous material by scanning electron microscopy (SEM).
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Table 2
Chemical composition and IR stretching frequencies (as KBr pellets) of nanopores of zeolite encapsulated azamacrocyclic manganese(II) complexes

Sample C (%) H (%) N (%) C/N Si (%) Al (%) Na (%) Mn (%) Si/Al �C O (cm−1) �N H (cm−1)

NaY – – – – 21.76 8.60 7.50 – 2.53 – –
Mn(II)–NaY – – – – 22.08 8.73 3.34 2.58 2.53 – –
[Mn([12]aneN4)]2+–NaY 3.74 1.53 2.58 1.45 21.14 8.36 5.34 2.34 2.53 1661 3308
[ 2+ 12 8.35 5.33 2.31 2.53 1647 3294
[ 10 8.34 5.29 2.28 2.53 1679 3321
[ 08 8.33 5.30 2.29 2.53 1678 3314
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[
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[
[

Mn([14]aneN4)] –NaY 3.76 1.55 1.91 1.97 21.
Mn(Bzo2[12]aneN4)]2+–NaY 3.80 1.57 1.19 3.20 21.
Mn(Bzo2[14]aneN4)]2+–NaY 3.81 1.58 1.20 3.18 21.

oth X-ray diffraction and SEM indicated that zeolites with
ood crystallinity can be obtained during the encapsulation of
Mn(azamac.)]2+ complexes by the one pot template condensa-
ion reaction.

The surface area and pore volume of the catalysts are shown
n Table 3. The inclusion of Mn(II) azamacrocyclic complexes
ramatically reduces the adsorption capacity and the surface
rea of the zeolite. It has been reported [11] that the BET surface
rea of X and Y zeolite containing phthalocyanine complexes
re typically less than 100 m2 g−1. The lowering of the pore

olume and surface area indicate the presence of azamacrocyclic
anganese(II) complexes within the cavities of the zeolites and

ot on the external surface.

able 3
urface area and pore volume data of azamacrocyclic manganese(II) complexes
ncapsulated in nanopores of zeolite-Y

ample Surface areaa

(m2/g)
Pore volumeb

(ml/g)

aY 545 0.31
n(II)–NaY 535 0.30

Mn([12]aneN4)]2+–NaY 498 0.27
Mn([14]aneN4)]2+–NaY 484 0.26
Mn(Bzo2[12]aneN4)]2+–NaY 469 0.23
Mn(Bzo2[14]aneN4)]2+–NaY 465 0.22

a Surface area is the “monolayer equivalent area” calculated as explained in
ef. [7].
b Calculated by the t-method.
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3

c
a
c
c
t
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o

able 4
xidation of cyclohexene with TBHP catalyzed by manganese(II) complexes in CH2

atalyst Conversion (%) Sele

Pero

Mn([12]aneN4)](ClO4)2 78.94 13.8
Mn([14]aneN4)](ClO4)2 76.80 14.1
Mn(Bzo2[12]aneN4)](ClO4)2 94.75 10.4
Mn(Bzo2[12]aneN4)](ClO4)2

e 70.32 21.8
Mn(Bzo2[12]aneN4)](ClO4)2

f 90.56 32.8
Mn(Bzo2[12]aneN4)](ClO4)2

g 43.27 35.8
Mn(Bzo2[14]aneN4)](ClO4)2 90.17 11.6

a 1-(tert-Butylperoxy)-2-cyclohexene.
b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.
d Di(2-cyclohexenyl)ether.
e Catalyst = 0.5 × 10−5 mol.
f Catalyst = 2.04 × 10−5 mol.
g Catalyst = 4.08 × 10−5 mol.
ig. 1. Oxidation products distribution in acetonitrile with [Mn(azamac.)]2+/
BHP.

.3. Catalytic activity

Results of Table 4 show the catalytic activity of homogeneous
atalysts. Comparing between neat and HGNM (Tables 4–7
nd Figs. 1 and 2) complexes as catalyst evidence that neat
omplexes gave higher conversion of cyclohexene than their

orresponding HGNM. For homogeneously catalyzed reactions,
he termination of catalytic cycle may occur because of two fac-
ors, due to the formation of Mn–O–Mn species, or due to the
xidative degradation of metal complexes. This was confirmed

Cl2

ctivity (%)

xidea Alcoholb Ketonec Etherd

5 34.75 23.54 20.86
9 40.53 21.76 23.52
4 38.31 22.30 28.95
5 49.60 20.56 7.99
4 34.26 27.54 5.36
9 28.57 31.42 4.12
5 37.29 23.41 27.65
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Table 5
Oxidation of cyclohexene with TBHP catalyzed by HGNM in CH2Cl2

Catalyst Conversion (%) Selectivity (%)

Peroxidea Alcoholb Ketonec Etherd

Mn(II)–NaY 51.43 9.78 8.72 33.99 47.51
[Mn([12]aneN4)]2+–NaY 68.51 3.40 4.80 9.10 82.7
[Mn([14]aneN4)]2+–NaY 65.25 4.81 5.21 5.51 84.50
[Mn(Bzo2[12]aneN4)]2+–NaY 80.34 1.30 2.01 3.29 93.40
[Mn(Bzo2[12]aneN4)]2+–NaYe 79.14 1.45 2.27 3.19 93.09
[Mn(Bzo2[12]aneN4)]2+–NaYf 78.22 1.82 3.10 2.87 92.21
[Mn(Bzo2[12]aneN4)]2+–NaYg 77.25 2.31 3.56 2.77 91.36
[Mn(Bzo2[14]aneN4)]2+–NaY 76.42 3.18 2.98 3.74 90.10

a 1-(tert-Butylperoxy)-2-cyclohexene.
b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.
d Di(2-cyclohexenyl)ether.
e First reuse.
f Second reuse.
g Third reuse.

Table 6
Oxidation of cyclohexene with TBHP catalyzed by HGNM in C2H5OH

Catalyst Conversion (%) Selectivity (%)

Peroxidea Alcoholb Ketonec Etherd

Mn(II)–NaY 57.1 13.96 19.38 – 66.66
[Mn([12]aneN4)]2+–NaY 70.49 5.93 9.53 – 84.54
[Mn([14]aneN4)]2+–NaY 69.11 6.62 7.46 – 85.92
[Mn(Bzo2[12]aneN4)]2+–NaY 84.51 2.24 2.66 – 95.10
[Mn(Bzo2[14]aneN4)]2+–NaY 78.52 3.45 3.35 – 93.2

a 1-(tert-Butylperoxy)-2-cyclohexene.

b
I
t
i
h

f

T
O

C

M
[
[
[
[
[
[
[
[
[

b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.
d Di(2-cyclohexenyl)ether.

y taking the IR spectra of the solid after catalytic reaction. The

R spectra of these solids are very much different from that of
he IR spectra of the parent compounds. To improve the stabil-
ty of the metal complex under the reaction conditions we have
eterogenised the complexes by preventing the catalytic species

r
e

s

able 7
xidation of cyclohexene with TBHP catalyzed by HGNM in CH3CN

atalyst Time (h) Conversion (%)

n(II)–NaY 8 56.84
Mn([12]aneN4)]2+–NaY 8 73.92
Mn([14]aneN4)]2+–NaY 8 72.12
Mn(Bzo2[12]aneN4)]2+–NaY 2 24.72
Mn(Bzo2[12]aneN4)]2+–NaY 4 51.65
Mn(Bzo2[12]aneN4)]2+–NaY 6 75.39
Mn(Bzo2[12]aneN4)]2+–NaY 8 88.45
Mn(Bzo2[12]aneN4)]2+–NaY 10 89.31
Mn(Bzo2[12]aneN4)]2+–NaY 12 90.46
Mn(Bzo2[14]aneN4)]2+–NaY 8 85.17

a 1-(tert-Butylperoxy)-2-cyclohexene.
b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.
d Di(2-cyclohexenyl)ether.
rom dimerising or aggregation, and to tune the selectivity of the

eaction using the walls of the nanopores of the solid via steric
ffects.

The most important advantage of heterogeneous cataly-
is over its homogeneous counterpart is a high increasing of

Selectivity (%)

Peroxidea Alcoholb Ketonec Etherd

21.38 6.11 6.45 66.10
11.94 4.56 8.33 75.17
12.04 3.47 7.25 77.24
29.38 13.80 4.70 52.12
19.75 10.38 5.39 64.48
13.52 7.54 6.53 72.41

7.35 4.08 8.44 80.13
6.21 2.17 9.75 81.87
4.65 1.27 12.36 81.72
7.46 8.95 9.39 74.2
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ig. 2. Oxidation products distribution in dichloromethane with
Mn(azamac.)]2+–NaY/TBHP.

he complex stability in the reaction media and the possibil-
ty of reusing the catalyst after reaction by simple filtration
Tables 5–7). The catalyst could be reused at least three times
ithout neither loss of selectivity nor activity with catalyst

oading as low as 1 mol%. While the oxidation of cyclohex-
ne continued in presence of the catalyst, there was no further
ignificant conversion when the catalyst was removed from the
eaction system (Table 5). This conclusion was independently
onfirmed by the absence of manganese in the filtrate (atomic
bsorption spectroscopy).

The effect of Mn(II) complexes included in zeolite-Y
ere studied on the oxidation of cyclohexene with TBHP in
H2Cl2 and the results are shown in Table 5. As is shown in
ig. 1, the allylic oxidation has occurred with the formation
f 2-cyclohexene-1-ol, 2-cyclohexen-1-one, 1-tert-butylperoxy-
-cyclohexene and di-2-cyclohexenylether. The activity of
n(II)–NaY catalyst has also been included in Table 5 to com-

are the effect of the ligand on the activity of catalyst. Increase
f conversion percentage from 51.43% to 80.34% compared to
n(II)–Y with [Mn(Bzo2[12]aneN4)]2+–NaY indicates that the

xistence of ligand has increased the activity of catalyst by a
actor of 1.56. From the results indicated in Tables 5–7, it is
vident that ether has been formed selectively in the presence of
ll catalysts although [Mn(Bzo2[12]aneN4)]2+–NaY shows the
ost tendency towards the formation of this product.
In the present study, it is observed that compared to the

n(II)–NaY catalyst system, the ketone yield is lower and the
eaction has led mostly to the formation of alcohol and ether. As
as suggested before, the ether product has arisen from the ether-

fication of 2-cyclohexene-1-ol [12]. This idea was confirmed
y using 2-cyclohexene-1-ol instead of cyclohexene as start-
ng material and observed the formation of the ether as the main
roduct under the reaction conditions. That the acidity of zeolite
atalyst has catalyzed the formation of di-2-cyclohexenylether

as ruled out since there was hardly any reaction in the absence
f oxidant under my reaction conditions. Therefore, the combi-
ation of zeolite catalyst and oxidant has been responsible for
he conversion of alcohol to ether product.

a
c
t
u

talysis A: Chemical 272 (2007) 249–257

To investigate the role of solvent on the fate of reaction and
roduct distribution, I carried out the reaction in two groups of
rotic and aprotic solvents. The results are given in Tables 5–7.
rom these results, it is evident that polar protic solvent such
s ethanol and polar aprotic solvent such as acetonitrile have
resented the best media for [Mn(Bzo2[12]aneN4)]2+–NaY cat-
lyst, since the conversion has occurred about 95%.

As mentioned before [13], higher activity of
Mn(Bzo2[12]aneN4)]2+–NaY complex might be attributed to
he higher activity of aromatic ligand and its more active cation
adical intermediate with respect to the aliphatic ligand system
thylenediamine with the conversion percentage of 84.51%
n ethanol. Lower activity of [Mn([14]aneN4)]2+–NaY can be
ccounted for by the substantial steric hindrance of propylene
roups that prevent the approaching oxidant towards the central
etal of the catalyst.
As shown in Tables 5–7, [Mn(Bzo2[12]aneN4)]2+–NaY

hows the highest activity in all the different solvent systems.
oreover, the ether product has been selectively formed under

he effect of this catalyst from 79% to 95.10%. Since ether has
risen from the etherification of 2-cyclohexene-1-ol (see above),
nd maximum percentage resulted in ethanol, it can be con-
luded that the catalyst [Mn(Bzo2[12]aneN4)]2+–NaY presents
he strongest acidic medium in this reaction.

The effect of time on the reactivity of catalysts is shown
n Table 7. Acetonitrile was selected as solvent for this exper-
ment because all four products have been formed under this
olvent medium effect. Table 7 shows that during 8 h, maxi-
um conversion of starting material takes place with all catalyst

ystems.
The results clearly suggest that [Mn(Bzo2[12]aneN4)]2+–

aY efficiently catalyses conversion of cyclohexene to di-2-
yclohexenylether. The more activity of Bzo2[12]aneN4 system
as clearly arisen from the existence of electron donating ligand
hich facilitate the electron transfer rate, a process that has pre-
iously observed by us in other oxidation reactions [4,13–16].
ll conversions efficiency with high selectivity obtained in this

tudy is significantly higher than that obtained using metal con-
aining porous and nonporous materials [4,13–16].

. Conclusion

Tetraaza 12- and 14-membered macrocyclic ligands and
heir manganese complexes have been encapsulated in the
anopores of zeolite-Y. The resulting catalysts have been charac-
erized by various spectroscopic (IR, DRS, UV–Vis), elemental
nalysis, etc. The oxidation of cyclohexene with TBHP and
n complexes included in zeolite-Y selectively affords di-2-

yclohexenylether as the main product. My studies show that
he oxidation exclusively occurs on the allylic position. We
elieve that the combination of a catalyst and oxidant system
ike [Mn(Bzo2[12]aneN4)]2+–NaY and TBHP in commonly and
ighly used solvent like ethanol provides a simple route to the

llylic site oxidation of cyclohexene. Studies on other olefins are
urrently under investigation in our laboratory and we believe
hat the observation of similar results on other olefins is not
nexpected.
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